
quantumdot is also a powerful tool to investigate
quasi-particle–related limitations on the perfor-
mance of superconducting qubits (28, 31, 32) and
detectors (33). Furthermore, our experimental
strategy could be used to explore hybrid super-
conducting devices in the regime where Andreev
states evolve into Majorana states (34–36).
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CRITICAL PHENOMENA

Critical behavior at a dynamic vortex
insulator-to-metal transition
Nicola Poccia,1,2 Tatyana I. Baturina,3,4,5 Francesco Coneri,1 Cor G. Molenaar,1

X. Renshaw Wang,1 Ginestra Bianconi,6 Alexander Brinkman,1 Hans Hilgenkamp,1

Alexander A. Golubov,1,7 Valerii M. Vinokur5*

An array of superconducting islands placed on a normal metal film offers a tunable
realization of nanopatterned superconductivity. This system enables investigation of the
nature of competing vortex states and phase transitions between them. A square
array creates the eggcrate potential in which magnetic field–induced vortices are frozen
into a vortex insulator. We observed a vortex insulator–vortex metal transition driven
by the applied electric current and determined critical exponents that coincided with those
for thermodynamic liquid-gas transition. Our findings offer a comprehensive description
of dynamic critical behavior and establish a deep connection between equilibrium and
nonequilibrium phase transitions.

C
ritical behaviors near phase transitions can
be classified into universality classes deter-
mined only by a fewproperties characteriz-
ing the system, such as space dimensionality,
range of interaction, and symmetry (1, 2). A

paradigmatic concept of universality brought deep
understanding of equilibrium critical phenomena
[see, e.g., (3) and references therein]. Phase tran-
sitions and criticality far from equilibrium are less
well understood. The experimental evidence for
universality of nonequilibrium phase transitions
is still scarce, calling for intensified experimental
efforts.
Superconducting vortices offer a unique tun-

able laboratory for studying classical critical
dynamics. To that end, we prepared an array
of superconducting islands where vortices are
pinned between the islands in the areas ofweaker
proximity-induced superconductivity—that is, at
the energy dimples of an eggcrate potential (4). If
thermal fluctuations are not strong enough to
overcome the combined localizing action ofmutual
repulsion andpinning, vortices form the so-called
vortex Mott insulating state at commensurate

fields corresponding to an integer number of
vortices per pinning site (5). The predicted vortex
Mott state seen in experiments on antidot arrays
in superconducting films (6, 7) was conclusively
confirmed in (8). In our experiment, performed
in a classical regime, varying the magnetic field
provides precise control over the vortex density and
tunes the ratio of the vortex repulsion to themobili-
ty, enabling the observation of a vortex insulator-
to-metal transition.
Each of our samples consists of a 40-nm Au

layer, patterned as a four-point setup in a van
der Pauw configuration for transport measure-
ments, on a Si/SiO2 substrate (9). The Au pattern
is overlaid with a square array of superconduct-
ing niobium (Nb) islands 45 nm thick. An array
contains 90,000 Nb islands placed with a period
a = 267 nm. The diameter of an island is 220 ±
3 nm and the island separation is 47 ± 3 nm.
Shown in Fig. 1, A to D, are scanning electron mi-
croscopy (SEM), atomic force microscopy (AFM),
and optical images of a sample and the height
profile along one of the principal axes of the ar-
ray. The superconducting transition temperature
of the array, determined as the midpoint of the
temperature resistance curve in the upper inset
in Fig. 1A, is Tc = 7.3 K, which is 2 K lower than
that of bulk Nb (Tc0 = 9.3 K). This implies that
the array is a strongly coupled network of super-
conducting islands (10–12). The parameters of our
array ensure that the intersite barriers are high
enough to provide pinning sufficient for forma-
tion of the vortex Mott insulator state and that
vortex motion is thermally activated.
Themeasurements are carried out in a shielded

cryostat at temperatureT= 1.4K. Figure 2A shows
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color plots of the differential resistance, dV/dI, as
a function of the applied current and themagnetic
field in units of frustration parameter f = B/B0,

where B0 ¼ F0=a2 = 28.6 mT, and F0 ¼ pℏ=e is
the magnetic flux quantum. Figure 2B displays
representative isocurrent cuts as dV/dI versus B.

At modest currents, the data reveal a wealth of
dips in dV/dI at integer frustrations, namely at
f = 1, 2, and 3 (corresponding to integer numbers
of flux quanta per elemental square of an array),
as well as a fine structure of fractional dips at
f = 1=3, 1=2, 2=3, 4=3, 3=2, … . These minima reflect
the modulation of the ground-state energy Eg
due to formation of periodic vortex patterns in a
magnetic field (Fig. 2, C and D). The energy spec-
trum of the fractional vortexMott insulator shown
in Fig. 2C is the Hofstadter butterfly spectrum of
the Harper equation (13). The dips in the resist-
ance and singularities in magnetization at com-
mensurate frustrationswere observed innumerous
experiments [see (14) and references therein].
Our key observation is a reversal of the mini-

ma in dV/dI into maxima at rational f upon in-
creasing the current bias. Scaling analysis (see
below) shows that this is a direct manifestation
of the existence of the vortexMott insulator and
its transition into a metallic state. Reversals at
commensurate fields fc =

1=3, 1=2, 2=3, 1,… are most
pronounced at integer and half-integer frus-
tration factors (Fig. 2B). The insulating behavior
appears as a tendency to downward divergence
of the dV/dI traces on approach to fc . Upon the
vortex Mott insulator-to-metal transition with
the increasing current, an upward divergence of
dV/dI traces marks the metallic-like dV/dI be-
havior near fc . Figure 3 shows the plots of dV/dI
versus B in the vicinity of fc = 1=2, 1, 2. Similar
minima-to-maxima flipswere observed in regular
superconducting systems of different geometries
(15, 16). However, the mechanism of current-
stimulated depinning proposed in (15, 16) would
lead to disappearance of the dips in the resistance
R = V/I responsible for the dissipation, and
not only in dV/dI. This is not the case in our

SCIENCE sciencemag.org 11 SEPTEMBER 2015 • VOL 349 ISSUE 6253 1203

Fig. 1. Experimental
setup. (A) SEM image
of the square array of
Nb islands on Au. The
inset at lower left is a
magnified image of the
array. The inset at
upper right shows the
temperature
dependence of the
resistance near the
superconducting
transition Tc of bulk Nb
(marked by the verti-
cal bar). (B) 1.4 mm ×
1.4 mm AFM topogra-
phy of the super-
conductor islands on
the metallic template
of the same sample.
(C) Optical image of
the Au template with
four contacts (yellow),
Nb bus bars (light
green), and the array
of 300 × 300 Nb
islands barely visible
as a red square
shadow on a Si/SiO2

substrate (dark
green). (D) Height
profile along the prin-
cipal axis of the array.

Fig. 2. Vortex Mott insulator-to-metal transition. (A) Color plots of dV/dI
versus current and magnetic field. The color scale indicates dV/dI values in
ohms. (B) Representative dV/dI versus f = B/B0 curves at different bias
currents. At low current bias (blue, orange, and yellow), dV/dI minima at

f = 1=3, 1=2, 2=3, 1, 4=3, 3=2, 5=3, 2, 7=3, 5=2, 8=3, and 3 indicate formation of a
vortex Mott insulator. Increasing current reverses minima into maxima (red

and violet). Reversals manifesting the insulator-to-metal transition are
highlighted by vertical arrows. (C) Ground-state energy Eg versus f obtained
from the Harper equation (14, 23). (D) Vortex configurations at rational

frustrations f = 0, 1=3, 1=2, 2=3, and 1. Periodic arrays of vortices (yellow
circles) are superimposed on the SEM subimages of the square array of
Nb islands.
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experiment (see fig. S1). The resistance exhibits
pronounced dips indicating strong pinning at
rational f even at the currents where dV/dI shows
profoundmaxima.Hence, the dip-to-maxima flips
cannot be explained as vortex depinning.
Shown in the upper row of Fig. 3 are detailed

plots of dV/dI versus B in the vicinity of fc =
1=2, 1,

2. There are separatrices, IT0, highlighted by dots
in Fig. 3, A to C, dividing insulating-like and
metallic-like curves. We identify IT0 as critical
currents at which the dynamic vortex Mott tran-
sition occurs, and find them from the condition
dðdV =dIÞ=df j f¼f Tc ¼ 0. For I > IT0 the dV/dI
traces display minima, marked by strokes in
Fig. 3, A to C. That I−0 and Iþ0 are different im-
plies that in the current intervals I∈ðminfI−0 ; Iþ0 g;
maxfI−0 ; Iþ0 gÞ at commensurate values f, vortex
Mott insulating and metallic phases coexist (17).
Now we turn to the proximity of the vortex

insulator-to-metal transition critical point, (I0, fc).
We conjecture mapping of the variables describ-
ing the critical behavior of the static electronic
Mott transition to those of the dynamic vortexMott
transition (9): |U – Uc|→ b = | fc – f |, |T – Tc|→
|I – I0|, and the critical point (Tc , Uc)→ (I0, fc),

yielding critical scaling |I – I0|º |b|e. To dem-
onstrate the critical behavior, we scale dV/dI
data into the universal form

dV ð f ; IÞ
dI

−
dV ð f ; IÞ

dI

� �
I ¼ I0

¼ FT
jI − IT0j
jbje

� �
ð1Þ

where e is an adjustable parameter. The best fit
of the data near fc =

1=2 is achieved at e ¼ 1=2
(Fig. 3D). The same procedure for the left and
right sides of fc = 1 and 2 gives rise to e ¼ 2=3
(Fig. 3, E and F). Double-logarithmic plots in
the vicinity of the above values of fc display a
power-law functional form of F±(x) º x m, as
shown in the lower panels of Fig. 3, D to F. For
fc =

1=2, we find m = 1 ± 0.03. For both fc = 1 and
fc = 2, we find m = 1.2 ± 0.03 for all four plots. This
universal scaling behavior of dV(B, I)/dI exper-
imentally establishes the existence of the vortex
Mott insulator and the dynamic vortex insulator-
to-metal transition in superconducting networks.
To gain insight into the observed scaling behav-

iors, we focus on fc = 1. At I << I0, thermally ac-
tivated dynamics of vortices is governed bymotion
of large vortex bundles and occurs via a creep

mechanism without breaking the vortex lattice
integrity, resulting inVº exp(–I0/I) (18). General
creep considerations (19) suggest that at some
threshold current less than the depinning current,
the elastic continuity of the vortex system breaks
down and vortex dynamics occurs via the plastic
gliding of dislocations. The latter is equivalent to
phase slips of the superconducting order param-
eter resulting in the linear ohmic response (i.e.,
the metallic behavior). Identifying this plastic
threshold current with I0 leads to the notion that
the vortex metal is a phase whose dynamics is
controlled by phase slips. Very near the thresh-
old, I → I0, thermally activated dynamics are
governed by activation over a small parabolic
barrier whose height scales as ½1 − ðI=I0Þ�3=2,
giving rise to

Vº 1
1 þ expfconst½1 − ðI=I0Þ�3=2g (2)

(20). Thus, the characteristic energy control-
ling the response of the vortex system near the
vortex insulator-to-metal transition scales as
|I – I0|

3/2, which explains the origin of the ex-
perimentally observed scaling |b| º |I – I0|

3/2
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Fig. 3. Scaling at the dynamic vortex Mott insulator-to-metal transition. (A

to C) dV/dI versus f in the vicinity of fc = 1=2, 1, and 2, respectively. Each panel
contains 36 traces in 0.01-mA steps.Colors reflectmagnitudes of the current.The
dots mark (dV/dI)(I = I0) values separating insulating-like and metallic-like
behaviors. The separatrix traces are chosen so that dV/dI values start to turn
upward on approach to fc at I > I0, dV/dImaintains a downward trend near fc
at I < I0, and dðdV=dIÞ=dfjf ¼ fc ¼ 0 at I = I0. In themetallic regions,dV/dIminima
marked with strokes enclose the critical regions around fc.The traces are not sym-
metric with respect to fc, so I−0 and Iþ0 are different: (A) I−0 = 0.83mA, Iþ0 = 0.78mA;

(B) I−0 = 1.10mA, Iþ0 = 1.14mA; (C) I−0 = 0.45mA, Iþ0 = 0.48mA. (D to F) Scaling of

the samedataaftersubtracting thecorrespondingseparatrix,dV/dI– (dV/dI)(I= I0)
with respect to variable jI− I0j=jbjðd−1Þ=d with b = f– fc and d = 2 for fc = 1=2 (D) and
e ¼ 2=3 for fc = 1 and fc = 2 [(E) and (F)]. Subpanels at left and right show scaling
plots in the fc – |b| and fc + |b| vicinities of the critical frustration parameters,
respectively; thecolors refer todifferent |b| values.Upperpanelsuse the linearscales
of dV/dI – (dV/dI)(I = I0); lower panels use logarithmic scales. The scales are the
same foreach fc pairwise for the left and right subpanels.The black lines in the lower
panels correspond to powers m = 1 for fc = 1=2, and to m = 1.2 ± 0.03 for fc = 1 and 2.
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for integer frustrations. Notably, the observed
value of e ¼ 2=3 for the integer dynamic transi-
tion coincides with the corresponding mean-field
value for the temperature- and pressure-driven
thermodynamic electronic Mott transition (21)
belonging in the class of the liquid-gas transi-
tion of classical systems (1, 21, 22). The universal
scaling properties of the current- and magnetic
field–dependent dynamical resistivity experi-
mentally demonstrate that a vortex Mott insulator
undergoes a phase transition resembling a liquid-
to-gas transition at the nonequilibrium critical
end point. The critical exponent at fc = 1=2 is
e ¼ 1=2, indicating that fractional vortex Mott tran-
sitions belong in different universality classes.
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QUANTUM MECHANICS

A self-interfering clock as a “which
path” witness
Yair Margalit, Zhifan Zhou, Shimon Machluf,* Daniel Rohrlich,
Yonathan Japha, Ron Folman†

In Einstein’s general theory of relativity, time depends locally on gravity; in standard
quantum theory, time is global—all clocks “tick” uniformly. We demonstrate a new tool
for investigating time in the overlap of these two theories: a self-interfering clock,
comprising two atomic spin states. We prepare the clock in a spatial superposition of
quantum wave packets, which evolve coherently along two paths into a stable interference
pattern. If we make the clock wave packets “tick” at different rates, to simulate a
gravitational time lag, the clock time along each path yields “which path” information,
degrading the pattern’s visibility. In contrast, in standard interferometry, time cannot yield
“which path” information. This proof-of-principle experiment may have implications for the
study of time and general relativity and their impact on fundamental effects such as
decoherence and the emergence of a classical world.

T
wo-slit interferometry of quanta, such as
photons and electrons, figured prominently
in the Bohr-Einstein debates on the consist-
ency of quantum theory (1, 2). A fundamental
principle emerging from those debates—

intimately related to the uncertainty principle—
is that “which path” information about the quanta
passing through slits blocks their interference. At
the climax of the debates, Einstein claimed that a
clock, emitting a photon at a precise time while
being weighed on a spring scale to measure the
change in its mass-energy, could evade the un-
certainty principle. Yet Bohr showed that the
clock’s gravitational redshift induces enough un-
certainty in the emission time to satisfy the un-
certainty principle. Inspired by the subtle role that
time may play, we have now sent a clock through
a spatial interferometer. Our proof-of-principle
experiment introduces clock interferometry as
a new tool for studying the interplay of general
relativity (3) and quantum mechanics (4).
Time in standardquantummechanics is a global

parameter, which cannot differ between paths.
Hence, in standard interferometry (5) a differ-
ence in height between two paths merely affects
their relative phase, shifting their interference
pattern without degrading its visibility. In con-
trast, general relativity predicts that a clockmust
“tick” slower along the lower path; thus if the
paths of a clock through an interferometer have
different heights, a time differential between the
paths will yield “which path” information and
degrade the visibility of the interference pattern
(6). Consequently, whereas standard interferom-
etry may probe general relativity (7–9), clock in-
terferometry probes the interplay of general
relativity and quantum mechanics. For example,
loss of visibility because of a proper time lag would
be evidence that gravitational effects contribute

to decoherence and the emergence of a classical
world (10).
Although our interferometer is of a new type,

it is worthwhile noting decades of progress in
matter-wave interferometry (11). Specifically, we
note experiments in which neutron spins have
been rotated in a magnetic field (12, 13) and ex-
periments in which different paths were labeled
(14). For completeness, we also note recent work
on the so-called Compton clock interferometer
(15) and the debates that ensued [(16, 17) and
references therein].
In our experiment, atomic clocks—atoms in

superpositions of internal states—pass through
an atomic matter-wave interferometer. We dem-
onstrate that the visibility of interference pat-
terns produced by thousands of self-interfering
clocks [atoms in a Bose-Einstein condensate (BEC)]
depends on the (simulated) proper time differ-
ential between the recombined wave packets of
each clock. We simulated the time differential or
lag by artificially making one clock wave packet
“tick” faster than the other. Although our clock is
not accurate enough to be sensitive to special- or
general-relativistic effects, it is able to demon-
strate that a differential time reading affects the
visibility of a clock self-interference pattern (6);
specifically, the visibility equals the scalar pro-
duct of the interfering clock states.
In principle, any system evolving with a well-

defined period can be a clock.We used a quantum
two-level system: a 87Rb atom in a superposition
of two Zeeman sublevels, the mF = 1 and mF = 2
sublevels of the F = 2 hyperfine state.
The general scheme of the clock interferome-

ter is shown in Fig. 1 (18). To prepare the clock in
a superposition of two different locations, we
made use of the previously demonstrated Stern-
Gerlach type matter-wave interferometer on an
atom chip (19), creating a coherent spatial super-
position of a 87Rb BEC (~104 atoms) 90 mmbelow
the chip surface. Initially, after the application
of a field gradient beam splitter (FGBS) and a
stopping pulse that zeroes the relative velocity of
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equilibrium transitions.
positions to one where they were able to move. They observed the same scaling behavior that applies to some
caused vortices to form in between the islands, and induced a transition from a state in which vortices were stuck to their 

 fabricated a square array of superconducting islands on a metallic surface. They applied a magnetic field, whichal.
etthe seemingly unrelated gas-liquid transition. Does such universality exist in nonequilibrium phase transitions? Poccia 

very similar way. For example, thermodynamic functions follow the same scaling behavior in a magnetic transition as in 
Near equilibrium phase transitions, physical systems that bear no resemblance to one another can behave in a

Vortices in a superconducting egg crate
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